Non-local heat transport experiments were performed in Alcator C-Mod Ohmic L-mode plasmas by inducing edge cooling with laser blow-off impurity (CaF 2 ) injection. The non-local effect, a cooling of the edge electron temperature with a rapid rise of the central electron temperature, which contradicts the assumption of "local" transport, was observed in low collisionality linear Ohmic confinement (LOC) regime plasmas. Transport analysis shows this phenomenon can be explained either by a fast drop of the core diffusivity, or the sudden appearance of a heat pinch. In high collisionality saturated Ohmic confinement (SOC) regime plasmas, the thermal transport becomes local: the central electron temperature drops on the energy confinement time scale in response to the edge cooling. Measurements from a high resolution imaging x-ray spectrometer show that the ion temperature has a similar behavior as the electron temperature in response to edge cooling, and that the transition density of non-locality correlates with the rotation reversal critical density. This connection may indicate the possible connection between thermal and momentum transport, which is also linked to a transition in turbulence dominance between trapped electron modes (TEMs) and ion temperature gradient (ITG) modes. Experiments with repetitive cold pulses in one discharge were also performed to allow Fourier analysis and to provide details of cold front propagation. These modulation experiments showed in LOC plasmas that the electron thermal transport is not purely diffusive, while in SOC the electron thermal transport is more diffusive like. Linear gyrokinetic simulations suggest the turbulence outside r/a=0.75 changes from TEM dominance in LOC plasmas to ITG mode dominance in SOC plasmas.
Introduction
For magnetically confined plasmas, it is still challenging to understand heat transport fully, which is important for predictions of the performance of burning plasma tokamaks like ITER. One of these challenges is the explanation of the non-local phenomenon: a fast response in a region of the plasma which is distant from a perturbation. The most famous example of the non-local effect in electron heat transport is the inward propagation of edge cooling. The first experiment was carried out on TEXT about 20 years ago [1, 2, 3] , in which carbon was injected into the edge plasma to induce a temperature perturbation. The edge temperature decreased rapidly as expected, but interestingly the core temperature promptly began to rise, and peaked within a few miliseconds. This effect cannot be explained by the local transport model which assumes that transport coefficients are functions of local thermodynamic parameters. Similar effects have been observed in TFTR [4, 5] , RTP [6, 7, 8] , ASDEX Upgrade [9] , Tore Supra [10] , JET [11] , LHD [12, 13, 14, 15] , JT-60U [16, 17, 15] , HL-2A [18, 19] , Alcator C-Mod [20] , etc. An interesting observation in these experiments is that the non-local effect disappears with increasing electron density. This critical cutoff density exists universally, although its value varies for different tokamaks depending on q and major radius. For example in TFTR [5] (R 0 = 2.36 m, a = 0.71 m, B t = 4.9 T) the cutoff density was found to scale as n e (0)/ √ T e (0) ≤ 0.035 × 10 19 m −3 /eV 1/2 , in RTP [7] (R 0 = 0.72 m, a = 0.164 m, B t ≤ 2.4 T, I p ≤ 150 kA) the cutoff line-averaged density is 2.7 × 10 19 m −3 , in ASDEX Upgrade [9] (R 0 = 1.65 m, a = 0.5 m, κ = 1.6, B t = 2.46 T, I p = 600 kA) the value is 1.8 × 10 19 m −3 , in Tore Supra [10] (R 0 = 2.31 m, a = 0.75 m, B t = 3.7 T) the cutoff density was found to scale as ⟨n e ⟩/I 2 p ≤ 1.0 × 10 19 m −3 MA −1/2 , in HL-2A [19] (R 0 = 1.65 m, a = 0.4 m, B t = 1.45 T, I p = 190 kA) the value is 1.5×10 19 m −3 and in Alcator C-Mod [20] (R 0 = 0.67 m, a = 0.21 m, B t = 5.4 T), the critical density is ∼ 0.6 × 10 20 m −3 for I p = 0.55 MA (q 95 ∼ 5.8), ∼ 0.8 × 10 20 m −3 for I p = 0.8 MA (q 95 ∼ 4.2) and ∼ 1.3 × 10 20 m −3 for I p = 1.1 MA (q 95 ∼ 3.3).
The existence of a critical density for the non-local effect makes us consider the possible connection of nonlocality with the other phenomena. One of them is the transition from the linear ohmic confinement (LOC, also called neo-Alcator scaling) regime to the saturated ohmic confinement (SOC) regime [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 20] . It was found in Ohmic L-mode plasmas, the energy confinement time scales linearly with electron density and saturates as the density increases above some value. One hypothesis for the saturated performance is the change from trapped electron mode (TEM) dominant turbulent transport at low collisionality to ion temperature gradient (ITG) mode dominant turbulent transport at high collisionality. Another observation is the abrupt switch of direction of the plasma core rotation, from co-current to counter-current, without significant change of other macroscopic plasma parameters [33, 34, 31, 32, 20] . The change of direction (also called rotation reversal) is an example of momentum transport bifurcation, and is caused by changes in collisionality through the electron density, plasma current, magnetic field and configuration. Shown in Fig. 1 is the product of non-locality cutoff density and boundary safety factor(q 95 for diverted plasmas and q (a) for limited plasmas) as a function of major radius for different devices. The boundary safety factor is estimated by [35] where ϵ = a/R 0 is the inverse of aspect ratio. Fig. 1 shows that the collisionality ν * , the ratio of collision frequency to bounce frequency (ν * = 0.0118qRZ ef f n e /T 2 e ϵ 1.5 ∝ n e qR), could be a unifying parameter for the non-local effect. We ignore the factor of Z ef f /T 2 e because it turns out that this factor is a weakly varying function of density [32] . The connection among the LOC-SOC transition, rotation reversal and a change in turbulence characteristics has been demonstrated [31, 32, 20, 36] .
The goal of the experiments presented in this paper is to add the non-local to local transition to this list. Some of the experimental results can be found in [20] . In this paper we will emphasize the results of repetitive cold pulse injection experiments, some fluctuation observations, and numerical simulations. The remainder of this paper is organized as follows. In section 2, the experimental setup and data processing methods are described. In section 3, the experimental results will be presented. The discrepancy between propagation of cold pulses at low and high densities will be shown, as well as the changes in energy confinement and plasma rotation. The Fourier transform of electron temperature in repetitive cold pulses experiments will give more insight into the cold pulse propagation and the non-local effect. In section 4, we give a descriptive explanation of the non-local effect in low density L-mode plasmas in Alcator C-Mod. A sudden drop of core electron heat diffusivity can reproduce the experimental observation; the sudden appearance of a heat pinch models the results equally well. This cold pulse induced transient ITB-like state is augmented by core fluctuation measurements. In section 5, the results of linear gyrokinetic simulations of low and high density plasmas are presented. We see an obvious difference in the turbulence characteristics, which can be described as TEM dominant at low density and ITG mode dominant at high density.
Conclusions and a discussion are presented in section 6.
Experimental setup, data processing methods
The experiments were carried out in Ohmic L-mode plasmas in the Alcator C-Mod tokamak [37] with major radius R ∼ 0.67 m and minor radius a ∼ 0.21 m. Typical Alcator C-Mod L-mode discharges are performed in lower single null (LSN) deuterium plasmas, B t = 5.4 T, I p = 0.8 MA, κ ∼ 1.7, and line averaged electron density from 0.4 to 1.3×10 20 m −3 . Fig. 2 shows the cross-section of Alcator C-Mod during a typical LSN discharge.
Laser blow-off system
In Alcator C-Mod, a laser blow-off (LBO) system is used to study particle/impurity transport [38] by introducing non-intrinsic non-recycling impurities. The system includes a 0.68 J Nd Yag laser with pulse rate up to 10 Hz, coupled with fast beam steering via a 2D piezoelectric mirror mount able to move spot locations in the 100 ms between laser pulses. A remotely controllable optical train allows the ablated spot diameter to vary from 0.5 to 7.0 mm. A small spot size is preferred for particle/impurity transport studies to avoid perturbation of background plasmas. For our experiments which require edge temperature perturbations, but minimal density perturbation, a medium spot size( ∼ 3 mm) is preferred. 2 µm of CaF 2 is used as the ablated material deposited on a thin film. A spot size of 2.5 mm will consist of approximately 10 18 particles with a CaF 2 density of 3.18 g/cm 3 . Previous results indicate around 10% of the ablated particles will actually make it into the plasma in a typical L-mode [38] .
Diagnostics
The electron temperature T e profiles are measured by three ECE systems: GPC1 (grating polychromator) with 9 channels, GPC2 with 19 channels and FRCECE with 32 channels [39] . Most of the T e results presented here were from the GPC1 system, whose typical time resolution is 10 µs, with low noise levels of ∼ 10 eV [39] , which is sufficient for the study. The electron density profiles are measured by a Thomson scattering system [40, 41, 42, 43] . Line averaged density is measured by a two color interferometer [44] . Ion temperature and plasma rotation profiles are measured with a high resolution imaging x-ray spectrometer [45, 46] . Fluctuation measurements presented in this paper are made by phase contract imaging (PCI) [47, 48] and reflectometer systems [49] .
Fourier analysis
The Fourier transform is a general technique to determine the phase and amplitude profile of a perturbation in a modulation experiment [50] . It is a common method for the study of transient transport and provides a high signal to noise ratio. For slab geometry and purely diffusive transport, electron heat diffusivity can be calculated separately from amplitude and phase profiles [51] : χ HP,amp
and χ HP,phase
, where A is the Fourier transformed amplitude and φ is the phase. Due to damping [9] (from changes of local Ohmic power, electron-ion exchange and radiation), it usually obtains that χ HP,phase e > χ HP,amp e , and they converge at higher frequency. The convective effect can be observed in the amplitude profile and it will decrease with frequency. The phase profile is not sensitive to convection.
Generalized singular value decomposition
One difficulty we encountered in the experiments is the presence of sawtooth activity. Large amplitude sawteeth of ∼ 100 eV in the core electron temperature occurred during the cold pulse experiments, which contaminates the quality of transient measurements. Repetitive injections and Fourier analysis improve the signal to noise level under the assumption that there is no strong interaction between sawtooth activity and the edge perturbations. The generalized singular value decomposition (GSVD) technique is used to verify this assumption. A detailed description of this method applied to perturbation experiments has been made in [52] . The basic idea is to separate the sawtooth and perturbation signals by reconstructing the data in phase space. Assume U (x , t) is the electron temperature signal measured from ECE before the perturbation which is dominated by sawtooth activity, and Y (x , t) is that after the perturbation, whose evolution consists of both sawtooth activity and perturbation propagation. The GSVD gives U and Y a set of common bases. This set of bases is optimized such that some bases will best represent Y and have little information on U . The set of bases consists of both spatial and temporal modes. Signals U and Y share the same spatial modes V k (x), but different temporal modes A t (t) for U and B k (t) for Y . The choice of bases is made as follows:
The temporal modes are orthonormal and weights are normalized, i.e., ⟨A * m · A n ⟩ = ⟨B * m · B n ⟩ = σ mn and α 2 m +β 2 m = 1. Spatial modes are not necessary to be orthonormal, generally ⟨V * m · V n ⟩ ̸ = 0 for m ̸ = n. If the sawtooth and perturbation are not strongly coupled, only a few modes will be able to recover the perturbation signal with removal of sawtooth activity. The GSVD method will quantitatively determine how strong the two signals are coupled, as well as separating them in a self-consistent way. Notice the core plasma rotation is in the counter-current direction (∼ -30 km/s). The CaF 2 injection time is 0.8 s (dashed line). Following the edge cooling, the edge electron temperature drops immediately, as expected. The core electron temperature gradually decreases on a time scale of around 20 ms, which is comparable to the energy confinement time ∼ 27 ms. In Fig. 4 the dashed line with the arrow shows the trajectory of minima in the electron temperature at different radii. The evolution of minima at different radii clearly shows the diffusive behavior of the cold front propagation. The core ion temperature also drops following the edge cooling. Fig. 5 is an LOC L-mode discharge with the same parameters as Fig. 3 except for lower density 0.6×10 20 m −3 . The core plasma rotation is now in the co-current direction (∼ 15 km/s). The CaF 2 injection time is 1.0 s. The core electron temperature begins to increase, rather than decrease, within 5 ms and peaks within 10 ms after the injection. This time scale is much less than the energy confinement time (∼ 25 ms) and cannot be explained with a change of transport coefficients as a result of modification of local plasma parameters due to the edge cooling. In Fig. 6 , for the outer plasma region it takes a longer time to peak as the cold pulse propagates inwards; for the inner region, the time-to-peak decreases, which contradicts the pure diffusive transport. The core ion temperature also increases after the edge cooling, but peaks and decays on a longer time scale. Fig. 7 shows the profile evolution of the electron and ion temperatures during the LBO injection in the same LOC plasma. At 1.01 s the core ion temperature doesn't change within the uncertainty, while the core electron temperature peaks. At 1.03 s the core electron temperature drops, which is evidence that the cold front propagates to the core plasma; the edge electron temperature returns to its pre-injection value and the core ion temperature rises.
Experimental results
Figs. 8 and 9 are repetitive LBO injection experiments with similar plasma parameters (B t = 5.4 T, I p = 0.8 MA, q 95 ∼ 4.2) as in Figs. 3 and 5, respectively. Fig. 8 is an SOC discharge with line averaged density ∼ 1.05 × 10 20 m −3 and counter-current directed rotation (∼ -10 km/s). Fig. 9 is an LOC discharge with line averaged density ∼ 0.58 × 10 20 m −3 and co-current directed core plasma rotation (∼ 7 km/s). The CaF 2 injection rate is 10 Hz. Although the core electron temperature signals are contaminated by sawtooth activity, it is visible that for the SOC discharge, the core T e drops with edge cooling and for the LOC discharge, the core T e increases. To verify this observation and to extract the amplitude and phase profiles, GSVD was applied to the raw data. Fig. 10 is the result of the decomposition applied to the LOC discharge between 0.85 − 0.95 s with one injection event. Temporal modes A k (t), B k (t) and spatial modes V k (R) are calculated from electron temperatures with mean normalization, so they are dimensionless. It is shown that the first 2 modes can quantitatively represent the pulse process with sawtooth activity reduced by around 80% (the sawtooth amplitude reduced from ∼ 500 eV before GSVD was applied to ∼ 100 eV after GSVD was applied, as shown in Fig. 10(d) ). Fig. 11 shows the LOC discharge ( Fig. 9 ) temperature time traces with GSVD applied. Although it is impossible to remove totally the sawtooth activity, the increase of the core temperature is more clear for the three core channels. Fig. 12 (a) is the result of Fourier transforms of the electron temperature for the discharge shown in Fig. 9 with GSVD applied. The first three harmonics of FFT profiles are shown. The location with minimum amplitude and phase crossing 90 • indicates the "inversion radius", which is around 0.78 m in major radius (r/a ∼ 0.5). The amplitude of the first harmonic increases towards the core. This increase contradicts the assumption of purely diffusive transport. This modulation experiment result in LOC plasmas differs from previous single injection experiment (Figs. 5 and 6) in two regards. The first is that in the modulation experiment, there is no evidence that the cold front propagates into the core plasma. The other difference is the relative amplitude of changes in core and edge electron temperatures. In the modulation experiments, the amplitude of the core temperature increase is about twice the amplitude of the edge temperature drop (Figs. 11 and 12) . For the single injection experiment (Figs. 5 and 6) the edge temperature has a larger perturbation than in the core. This discrepancy could be caused by the difference of ablated spot size. A larger injection would cause a larger perturbation in the edge and the cold pulse would propagate deeper into the core plasma. Fig. 12(b) is the FFT result of the SOC discharge shown in Fig. 8 with GSVD applied. The amplitude decreases as the cold pulse propagates into the core, which suggests a purely diffusive process.
For the LOC discharge, where the non-local effect of edge cooling exists, it is found from PCI that the density fluctuations are suppressed during the injections, as shown in the first frame of Fig. 13 . PCI provides a line integral measurement of density fluctuations. Fig. 14 is the time history of the spectral power integrated over 10 − 40 kHz, which clearly shows the turbulence suppression associated with the cold pulses. To identify the location of turbulence suppression, density fluctuations measured by the reflectometer at r/a ∼ 0.9 are shown in the second frame of Fig. 13 . There is no clear correlation between the fluctuations from the reflectometer and CaF 2 injections, so it should be the turbulence at least inside r/a ∼ 0.9 which is suppressed instead of the edge turbulence [19] . The turbulence changes in the reflectometer are probably due to the density perturbations caused by injections, and a shift of the cutoff layer. We did not observe the suppression in SOC discharges when the cold pulse propagates diffusively and local transport is valid.
The recent experiments in LHD [53] show that the amplitude of the electron temperature fluctuations decreased and their radial correlation lengths shortened during the transient phase induced by pellet injection. In Alcator C-Mod the electron temperature fluctuation and correlation length can be measured using upgraded multichannel CECE [54] . This will be an interesting topic for future experiments.
For LOC plasmas the core electron temperature increases almost linearly with the edge cooling, as shown in Fig. 15(a) , where the changes of the core T e (r/a ∼ 0.3) are plotted as a function of drops in the edge T e (r/a ∼ 0.8). For 0.8 MA discharges, the line averaged density is around 0.6 × 10 20 m −3 . For 1.1 MA discharges, the line averaged density varies from 0.8 to 1.2 × 10 20 m −3 . From Fig. 15 (b) the core ion temperature (r/a ∼ 0.4) also responds linearly to the cooling. The change of core electron temperature is calculated as the temperature difference between before the cold pulse injection and around 5 ms after the cold pulse injection. The change of core ion temperature is calculated as the temperature difference between before and around 20 ms after the cold pulse injection.
The non-local effect is found to be correlated with the rotation reversal [20] , shown in Fig. 16 . For this 5.4 T, 0.8 MA discharge the line averaged density increased from 0.5 × 10 20 m −3 to 1.0 × 10 20 m −3 . This density range covers both the LOC and SOC regimes, roughly indicated in colors of yellow and blue, respectively, based on previous C-Mod results. The rotation reversal from the co-current to the counter-current direction happens at a density around 0.8 × 10 20 m −3 . The interesting observation here is that the non-local effect disappears almost at the same density level. The core electron temperature increases as a result of the injection at 1.0 s, which is in the LOC regime and rotation is in the co-current direction. As the density rises, the core electron temperature decreases for the injection at 1.2 s. To illustrate the correlation, the energy confinement time, relative change of core electron temperature and absolute value of core plasma rotation are plotted as a function of line averaged density for 5.4 T, 0.8 MA discharges in Fig. 17 .
Transport Analysis
The electron heat diffusion coefficient χ e has been calculated from power balance. Similar to the results in TEXT [1, 2, 3] , RTP [6, 7, 8] etc, a rapid drop in the χ e profile can explain the experimental results. Fig. 18(a) shows the LOC plasma diffusivity profiles averaged over three time intervals: before the injection, during the injection and after the injection. The CaF 2 was injected at 1.0 s for this discharge. The core diffusivity between r/a = 0.3−0.8 is reduced by ∼ 25% during the injection, and it returns to the previous level around 40 ms after the injection. Fig. 18(b) ,(c) are time traces of the simulated core and edge electron temperatures based on this diffusive model. The red lines are measured electron temperatures. This drop of core transport looks like the formation of an internal transport barrier (ITB) during the cold pulse injection, and we do observe a reduction of density fluctuations as discussed in the previous section. For SOC plasmas where the non-local effect disappears, the reduction of core transport is not observed from this analysis.
An alternative model including a convection term in the heat flux (q = −n e χ e ∇T e + n e V T e ) can also match the observations and the result is shown in Fig. 19 . The diffusivity is assumed to be constant during the cold pulse event, and the convection term is turned on right after the cold pulse injection. An inward pinch velocity profile (negative V ) is obtained to match the experimental results. The simulated profiles agree with experiments as is shown in Fig. 19(b) . Although one cannot distinguish between the two models, the Fourier analysis shown in Fig. 12 indicates that the pinch model is preferred.
The reduction of core transport during cold pulse injection in LOC plasmas is also observed in the saw-tooth induced heat pulse propagation, which is measured via soft X-ray brightness and time-to-peak as a function of radius. Time-to-peak is defined as the time delay from the sawtooth crash to the time with maximum brightness. Shown in Fig. 20(a) is soft X-ray brightness from a select number of channels for two sawtooth events of one LOC plasma shot: one is before the cold pulse injection (black, dashed line) and the other is right after the cold pulse injection (red, solid line). The time-topeak is found to be larger after cold pulse injection, as shown in Fig. 20(b) where the time-to-peak radial profile is presented. The heat pulse diffusivity χ hp ∝ r 2 /t p [55] is found to be reduced by ∼ 30% after the cold pulse injection, which is consistent with the transport calculation above.
Gyrokinetic simulation
Since the non-local effect is found to be correlated with the LOC/SOC transition, numerical studies of the turbulence characteristics for LOC and SOC plasmas were performed using the gyrokinetic code GYRO [56] . Shown in Fig. 21 are the smoothed profiles of density (a), electron temperature (b) and ion temperature (c) in LOC (red solid lines) and SOC (blue dashed lines) plasmas. The gradients (d, e, f) are plotted as a/L, where L is the gradient length defined as −X/ ∂X ∂r , X could be n e , T e or T i . The major difference in the gradients happens around r/a = 0.8, where a/L Te in LOC is slightly higher than in SOC; however a/L T i in LOC is significantly lower than in SOC. Linear gyrokinetic simulations are performed at two radii: r/a = 0.5 and r/a = 0.75. The input parameters of GYRO are listed in Table 1 and Table 2 . Fig. 22 shows the results of real frequency (a) (c) and growth rate (b) (d) as a function of k θ ρ s , for r/a = 0.5 (a) (b) and r/a = 0.75 (c) (d). k θ is the poloidal wave number and ρ s = c s /Ω i is the ion gryoradius with ion sound velocity c s = √ T e /m i . Red solid lines are for the LOC case and blue dashed lines are for the SOC case. Positive frequency indicates the modes propagate in the electron diamagnetic drift direction, and negative indicates the modes in the ion diamagnetic drift direction. At r/a = 0.5 both LOC and SOC plasmas are ITG dominant since the modes are in the ion diamagnetic direction for the range of k θ ρ s up to 1.0. At r/a = 0.75, for the SOC plasma, it is ITG dominant, but for the LOC plasma, the electron mode dominates. At this low wavenumber (k θ ρ s = 0 − 1.0), it is TEM that will dominate for LOC plasmas. The difference of turbulence types for the outer part of LOC/SOC plasmas is consistent with previous simulation results [32] and recent experimental observations from CECE [36] . 
To demonstrate the sensitivity of the turbulence to the driving terms a/L ne and a/L T i , linear simulations were performed over a range of this parameter space at r/a = 0.75, as shown in Fig. 23 . For each point of [a/L ne , a/L T i ] the linear growth 
rate is calculated over k θ ρ s = 0 − 0.75 and the maximum growth rate (most unstable mode) is chosen. The growth rate values normalized to c s /a (a is the machine minor radius) are indicated by the contour lines. For the left-upper part of the contour plot, the linear growth rate is sensitive to the change of electron density gradients, which is a feature of TEMs. For the right-lower part of the contour plot, the linear growth rate is sensitive to the change of ion temperature gradients, which indicates the dominance of ITG modes. The plus signs are experimental values of the gradients. LOC plasmas ( Fig. 23(a) ) are in the TEM dominant regime, while SOC plasmas (23(b)) are in the ITG mode dominant regime.
Conclusions and discussions
Cold pulse injection experiments in Alcator C-Mod extend the understanding of the non-local phenomenon based on existing experiments from other machines. The measurement of ion temperature profiles could be used to verify various theoretical attempts to explain this non-local effect [57] . As seen with many other references, the transport analysis shows a reduction of core electron heat transport associated with the non-local effect, which is consistent with the fluctuation measurements. Fourier transformed profiles of the repetitive cold pulse injection experiments suggest the pure diffusive transport model is not valid for LOC discharges with the non-local effect, and an inward heat pinch should be responsible for this contradiction. The non-local effect has a density/collisionality dependence. The results from Alcator C-Mod experiments suggest that this dependence is correlated with the LOC/SOC transition density and rotation reversal critical density. One unified explanation for the existence of a transition density for apparently unrelated phenomena is the change of dominant turbulence types from TEMs in low collisional plasmas to ITG modes in high collisional plasmas [20] . This change requires that the electronion collisional thermal coupling power is comparable to the power transport by TEMs. Experiments with direct electron heating (like ECRH on T-10 [58] and LH on Tore-Supra [59] ) show that the confinement increases linearly with electron density when electron transport dominates. This dependence is weak with ion heating in ion transport loss dominant regimes [60] . This suggests the LOC regime is intrinsic to the electron mode dominated regimes, and the SOC regime is more likely to be ion mode dominant. The disappearance of electron channel non-local effect in SOC plasma can be the consequence that the coupling thermal power exceeds TEM transported power, which effectively eliminates the non-local effect in electron channel. The rotation reversal is suggested to be due to the change of sign in turbulent residual stress Π res , whose gradient provides the torque. Figure 1 . The product of cutoff density for non-local effect and q 95 as a function of major radius for different devices [5, 7, 9, 10, 19, 20] . The solid line represents 1/R. [keV]
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[keV] Fig. 9 with GSVD applied , and (b) SOC discharge in Fig. 8 with GSVD applied. 
